Osteoclasts are large polykaryons that have the unique capacity to degrade bone and are generated by the differentiation of myeloid lineage progenitors. To identify the genes involved in osteoclast development, we performed microarray analysis, and we found that carboxypeptidase E (CPE), a prohormone processing enzyme, was highly upregulated in osteoclasts compared with their precursors, bone marrow-derived macrophages (BMMs). Here, we demonstrate a novel role for CPE in receptor activator of NF-B ligand (RANKL)-induced osteoclast differentiation. The overexpression of CPE in BMMs increases the formation of tartrate-resistant acid phosphatase (TRAP)-positive multinuclear osteoclasts and the expression of c-Fos and nuclear factor of activated T cells c1 (NFATc1), which are key regulators in osteoclastogenesis. Furthermore, employing CPE knockout mice, we show that CPE deficiency attenuates osteoclast formation. Together, our data suggest that CPE might be an important modulator of RANKL-induced osteoclast differentiation.
INTRODUCTION
Bone homeostasis is maintained by the balance between boneresorbing osteoclasts and bone-forming osteoblasts during bone remodeling (Anderson et al., 1997; Lacey et al., 1998) . Excessive increases in osteoclastic bone resorption generally cause bone diseases such as osteoporosis and rheumatoid arthritis, and metastatic cancers (Baron and Hesse, 2012; Boyle et al., 2003) . Osteoclasts are multinucleated cells that play a specialized role in bone resorption. These polykaryons differentiate from hematopoietic precursors of the monocyte/macrophage lineage in the presence of receptor activator of NF-B ligand (RANKL) and macrophage colony-stimulating factor (M-CSF) (Novack and Teitelbaum, 2008; Teitelbaum, 2007; Teitelbaum and Ross, 2003) .
Binding of RANKL to its receptor, RANK, which is expressed on osteoclast precursor cells, induces the recruitment of tumor necrosis factor receptor-associated factor (TRAF) molecules. RANKL binding to RANK triggers signal transduction processes involving NF-B and mitogen-activated protein kinases. The activation of RANKL/RANK system leads to the induction of cFos and nuclear factor of activated T cells c1 (NFATc1), which are crucial transcription factors required for osteoclast differentiation. NFATc1, in turn, regulates the expression of osteoclastspecific genes, including tartrate-resistant acid phosphatase (TRAP) and cathepsin K.
Carboxypeptidase E (CPE) is a prohormone processing peptidase that is abundant in brain and endocrine tissues (Fricker and Snyder, 1982; Hook and Loh, 1984) . This enzyme cleaves basic residues from the carboxy-terminal end of neuropeptide intermediates to yield mature bioactive forms (Cawley et al., 2012) . CPE has also been shown to act as a prohormone sorting receptor for the regulated secretory pathway in endocrine and neuroendocrine cells (Cool et al., 1997) . In addition, CPE is implicated in physiological cellular function and many diseases such as diabetes (Cawley et al., 2004; Leiter et al., 1999; Naggert et al., 1995) , obesity (Cawley et al., 2004; Leiter et al., 1999) , and tumor growth and metastasis (Du et al., 2001; He et al., 2004; Lee et al., 2011; Murthy et al., 2010; Tang et al., 2009) , suggesting that CPE is a potential therapeutic drug target. Interestingly, previous studies have suggested a role for CPE in skeletal development. These studies demonstrated abundant expression of CPE in developing skeletal structures (Zheng et al., 1994) and growth plate chondrocytes (Zhang et al., 2008) , although its specific role was not determined in these studies. Recently, Cawley et al. (2010) reported that CPE indirectly regulates bone metabolism through the sympathetic nervous system. However, the direct role of CPE in osteoclast differentiation is still poorly understood.
In this study, we identify CPE as a novel osteoclastogenic protein that is upregulated during osteoclast differentiation. We further reveal that CPE has a direct role in osteoclast differentiation induced by RANKL.
MATERIALS AND METHODS

Animals
Heterozygous (Cpe +/-typing was performed according to the protocol supplied by The Jackson Laboratory. All experimental procedures were performed with the approval of the Committee on the Ethics of Animal Experiments of the Kyungpook National University (Approval No. KNU-2011-99) .
Reagents
RANKL and M-CSF were obtained from R&D Systems (USA). Antibodies against CPE, NFATc1, and cathepsinK were purchased from BD Biosciences (USA), BD Pharmingen (USA), and Millipore (USA), respectively.Antibody for c-Fos was purchased from Santa Cruz Biotechnology (USA) and -actin was obtained from Sigma-Aldrich(USA).
Osteoclast culture
Bone marrow-derived macrophages (BMMs) wereprepared from bone marrow cells as described previously (Kim et al., 2012) . To generate osteoclasts, BMMs were cultured for 4 days with -minimal essential medium (-MEM) containing 10% fetal bovine serum (FBS) in the presence of RANKL (20 ng/ml) and M-CSF (10 ng/ml). The media were changed every 2 days.
Tartrate-resistant acid phosphatase (TRAP) staining
Cells were fixed in 4% paraformaldehyde for 20 min and subsequently stained for TRAP activity with a 0.1 M acetate solution (pH 5.0) containing 6.76 mM sodium tartrate, 0.1 mg/ml naphthol AS-MX phosphate, and 0.5 mg/ml Fast Red Violet. TRAP-positive multinucleated cells with three or more nuclei were scored.
TRAP solution assay (TRAP activity)
To measure TRAP activity, cells were fixed and incubated with 70 l (in a 96 well plate) of citrate buffer (50 mM, pH 4.6) containing 10 mM sodium tartrate and 10 mM p-nitrophenylphosphate (Sigma-Aldrich) for 15 min at 37C. The enzyme reaction mixtures were then transferred into new plates containing an equal volume of 0.1 N NaOH. Absorbance was measured at 405 nm using a microplate reader.
Retroviral transduction
CPE was cloned into the pMX retroviral vector and transfected into Plat-E packaging cells (Morita et al., 2000) using TransIT-LT1 (Mirus, USA). The viral supernatant was collected from the culture media 24 to 48 h after transfection. BMMs were infected with the virus for 24 h in the presence of 4 g/ml polybrene (Sigma-Aldrich). The cells were selected with 1 g/ml blasticidin for 3 days and subsequently used for osteoclast generation.
Reverse transcription polymerase chain reaction (RT-PCR)
RT-PCR was performed as described previously (Kim et al., 2012) . The following primers were used: CPE, 5-ATGGTAATG-AGGCGGTTGG-3 and 5-TTCTTGCGACAGGGAGGT-3; TRAP, 5-ACAGCCCCCCACTCCCACCCT-3 and 5-TCAGG-GTCTGGGTCTCCTTGG-3; cathepsin K, 5-GGAAGAAGAC-TCACCAGAAGC-3 and 5′-GTCATATAGCCGCCTCCACAG-3; RANK, 5-TTTGTGGAATTGGGTCAATGAT-3 and 5-ACCTC-GCTGACCAGTGTGAA-3; TRAF6, 5-GCTCAAACGGACCA-TTCGGA-3 and 5-GGGATTGTGGGTCGCTGAAA-3; c-Fms, 5-GAGCCTCTTGCAGGAGGTG-3 and 5-GGTCCAATGGG-CAGCTGG-3; and GAPDH, 5-ACTTTGTCAAGCTCATTTCC-3 and 5-TGCAGCGAACTTTATTGATG-3.
Real-time PCR
Real-time PCR was performed using an ABI 7500 Real-Time PCR System and SYBR Green dye (Applied Biosystems, USA). The following primers were used: c-Fos, 5-AGGCCCAGT-GGCTCAGAGA-3 and 5-GCTCCCAGTCTGCTGCATAGA-3; NFATc1, 5-ACCACCTTTCCGCAACCA-3 and 5-TTCCGTT-TCCCGTTGCA-3; TRAP, 5-TCCCCAATGCCCCATTC-3 and 5-CGGTTCTGGCGATCTCTTTG-3; cathepsin K, 5-GGCTG-TGGAGGCGGCTAT-3 and 5-AGAGTCAATGCCTCCGTTCTG-3.
Western blotting
Cultured cells were lysed in lysis buffer containing 50 mMTris (pH 7.4), 150 mMNaCl, 1% NP-40, 1 mM EDTA, and protease and phosphatase inhibitors. The protein concentration was determined using the Bicinchoninic Acid Kit (Pierce, USA), and equal amounts of proteins were separated on a sodium dodecyl sulfate (SDS)-polyacrylamide gel. The gels were blotted onto nitrocellulose membranes and incubated with primary antibodies. The immunoreactive proteins were detected with enhanced chemiluminescence reagents (ECL-plus, Amersham, GE Healthcare) after incubation with the appropriate secondary antibody.
Immunofluorescence
Cells were fixed with 4% paraformaldehyde for 20 min and permeabilized with 0.1% Triton X-100 for 10 min. After blocking with 1% bovine serum albumin for 10 min, the cells were labeled with anti-CPE antibody (1:100) in blocking solution for 1 h. The samples were rinsed with phosphate-buffered saline (PBS) and incubated with Alexa Fluor 488 goat anti-mouse IgG antibody (1:100, Invitrogen) for 1 h. After washing with PBS, the samples were mounted with 90% glycerol in PBS and observed using a fluorescence microscope (Nikon, Japan).
Statistical analysis
All experiments were performed in triplicate. The data are presented as the means  S.D. Statistical significance was determined using a two-tailed Student's t-test.
RESULTS
CPE expression is upregulated during osteoclastogenesis
To identify genes that are regulated during osteoclast development, we performed microarray analysis and compared the gene expression profiles between undifferentiated precursor cells and fully differentiated osteoclasts. The microarray data showed that CPE expression was increased by 43-fold in osteoclasts compared with primary bone marrow-derived macrophages (BMMs) (data not shown). To confirm the relevance of this observation, we examined the expression pattern of CPE during RANKL-induced osteoclast differentiation. BMMs were isolated and subsequently cultured in the presence of osteoclastogenic cytokines. We found that CPE mRNA expression was timedependently elevated during osteoclastogenesis (Fig. 1A) . Similarly, the protein level of CPE was strongly increased as the cells differentiated (Fig. 1B) . This pattern of CPE protein expression was further confirmed by immunofluorescent staining. We observed clear staining of CPE in mature osteoclasts; however, we detected very low CPE signals in undifferentiated BMMs (Fig. 1C) .
Overexpression of CPE enhances osteoclast formation
The expression pattern of CPE suggests that CPE may have biological significance in the context of osteoclast development. To examine this possibility, we retrovirally transduced primaryBMMs with CPE or control (pMX empty vector). The overexpression of CPE was confirmed by RT-PCR ( Fig. 2A) .Transduced BMMs were cultured in the presence of M-CSF and various concentrations of RANKL for 4 days. The cells were then stained for TRAP, which is a cytochemical marker of osteoclasts. The overexpression of CPE significantly increased the number of TRAP-positive multi- nuclear osteoclasts (MNCs) at all concentrations of RANKL (Figs. 2B and 2C). In agreement with the increased numbers of TRAPexpressing cells, TRAP activity, as measured by TRAP solution assay, was also elevated in CPE-transduced osteoclasts (Fig.  2D) . We also observed that the overexpression of CPE did not affect precursor proliferation or survival by means of an MTS assay (data not shown).
Overexpression of CPE enhances the induction of c-Fos and NFATc1
Because ectopic expression of CPE increased osteoclast formation, we next examined the impact of CPE overexpression onthe expression of osteoclastogenic markers. As shown in Fig.  3A , the mRNA expression of c-Fos and NFATc1, key transcriptionfactors for osteoclastogenesis, was significantly increased in CPE-transduced osteoclasts compared with vector-infected cells.Reflecting the enhanced NFATc1 expression, the mRNA expression of NFATc1 target genes, TRAP and cathepsinK, was also increased by the overexpression of CPE (Fig. 3A) . This CPE-mediated upregulation of c-Fos, NFATc1, and cathepsinK was further confirmed by immunoblotting analysis (Fig. 3B) . On the other hand, the overexpression of CPE did not affect the mRNA expression of RANK, c-Fms, or TRAF6 in response to RANKL (Fig. 3C) . Overall, these results indicate that CPE overexpression enhances RANKL-induced osteoclast differentiation.
Deficiency of CPE attenuates osteoclast formation
We next investigated the physiologic role of CPE in osteoclast differentiation. BMMs from WT or CPE knockout (KO) mice were cultured with M-CSF and two different concentrations of RANKL. In both concentrations of RANKL, the deficiency of CPE attenuated osteoclast formation (Figs. 4A and 4B ). Reflecting the decreased numbers of TRAP-positive cells, TRAP activity wasalso reduced in CPE KO mice compared with WT mice (Fig. 4C) . These results indicate that CPE acts as a positive modulator in RANKL-mediated osteoclastogenesis.
DISCUSSION
Osteoclast development is a sequential multistep event involvinghematopoietic progenitor generation, differentiation, fusion, andactivation. This process requires several biomolecules; however, many molecules involved in osteoclast development remain unidentified. To identify genes regulated by RANKL, we per- formed microarray analysis using primary BMMs after stimulation with RANKL. We observed that CPE expression was abundant in bone-resorbing osteoclasts.The expression of CPE was very low in undifferentiated progenitor cells and was increased during the osteoclastogenic process. The expression pattern of CPE implies that CPE may have an important role in osteoclast development. Indeed, we found that CPE positively regulates osteoclast differentiation. Previous studies identified CPE as a highly expressed gene in the context of skeletal development. Studies utilizing in situ hybridization during development revealed that CPE was expressed in cartilage primordium in cephalic bones (Zheng et al., 1994) . In addition, microarray analysis of perichondral and reserve chondrocytes in the growth plates of long bones demonstrated that CPE was abundant in both zones (Zhang et al., 2008) . These studies proposed that CPE may be involved in skeletal development. In the current study, we provide clear evidence for the expression of CPE in osteoclast lineage cells and its role in osteoclast differentiation.
It has been reported that CPE knockout (KO) mice, an obese animal model, have low bone mineral density (Cawley et al., 2010) . The study demonstrated that CPE KO mice had reduced levels of the hypothalamic neuropeptides, resulting in an overall increase in the ratio of RANKL/osteoprotegerin. Although this study highlighted the importance of CPE in energy metabolism and bone remodeling, the direct role of CPE in osteoclast differentiation was not investigated. On the other hand, our study shows that CPE directly regulates RANKL-induced osteoclastogenesis. Furthermore, our work also reveals that the deficiency of CPE results in decreased osteoclast formation. Together, both studies clearly indicate that CPE is important for bone metabolism and remodeling.
c-Fos and NFATc1 are key transcription factors that regulate the induction of osteoclastogenic genes. Mice that are deficient in c-Fos exhibit severe osteopetrotic phenotype due to defective osteoclast formation (Johnson et al., 1992; Wang et al., 1992) . The important role of NFATc1 in osteoclastogenesis was demonstrated by in vitro experiments. Embryonic stem cells derived from NFATc1-deficient mice cannot differentiate into osteoclasts, and ectopic expression of NFATc1 results in the generation of osteoclasts from precursor cells in the absence of RANKL (Hirotani et al., 2004; Takayanagi et al., 2002) . In vivo expression of constitutively active NFATc1 results in osteopenia due to increased osteoclast differentiation (Ikeda et al., 2006) . In this study, we found that the overexpression of CPE increases the expression of both c-Fos and NFATc1. Thus, critical for the acceleration of osteoclast differentiation. Further studies will be necessary to clarify the molecular mechanism underlying CPEmediated induction of these transcription factors by RANKL.
CPE cleaves hormone precursors, including proopiomelanocortin (POMC), and produces several physiologically important peptides (D'Agostino and Diano, 2010) . It has been demonstrated that POMC is expressed in osteoclasts (Zhong et al., 2005) , suggesting that a POMC-derived peptide may have a direct role in osteoclast development. In agreement with these observations, we also found that POMC was expressed in osteoclast lineage cells (data not shown). One POMC-derived hormone often studied in skeletal cells is alpha-melanocyte stimulating hormone (-MSH). Cornish et al. (2003) reported the direct effect of -MSH on osteoclasts, showing that -MSH stimulates osteoclast formation from BMMs and administration of -MSH to mice decreased bone volume and trabecular number. In this regard, increased levels of -MSH by CPE overexpression would likely to contribute to CPE-mediated enhancement of osteoclast formation.
In summary, we report that the metallocarboxypeptidase family member CPE is upregulated during osteoclast development. Our results demonstrate that the overexpression of CPE increases osteoclast differentiation through the induction of c-Fos and NFATc1, key regulators of osteoclastogenesis. Furthermore, we show that CPE deficiency decreases osteoclast generation in response to RANKL. Thus, in addition to its indirect effects on bone metabolism through the regulation of peptide hormone processing, CPE exerts direct effects on osteoclasts and plays a pivotal role in osteoclast differentiation.
